Operating quantum waveguide circuits with superconducting single-photon detectors 
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Advanced quantum information science and technology (QIST) applications place exacting de- 
mands on optical components. Quantum waveguide circuits offer a route to scalable QIST on a 
chip. Superconducting single-photon detectors (SSPDs) provide infrared single-photon sensitivity 
combined with low dark counts and picosecond timing resolution. In this study we bring these two 
technologies together. Using SSPDs we observe a two-photon interference visibility of 92.3 ± 1.0% 
in a silica-on-silicon waveguide directional coupler at A = 804 nm — higher than that measured with 
silicon detectors (89.9 ± 0.3%). We further operated controlled-NOT gate and quantum metrology 
circuits with SSPDs. These demonstrations present a clear path to telecom-wavelength quantum 
waveguide circuits. 



The photonl* is an excellent candidate for the stor- 
age and processing of quantum informational: it is well 
isolated from the environment even at room tempera- 
ture and can be readily controlled with available optical 
technology. Considerable strides have been made in the 
past decade in methods of generating 3 -!, manipulating 4 
and detecting single photons^. As a result, effects which 
were once curiosities of quantum optics are now ex- 
ploited in fields as diverse as secure communications^*, 
lithography 7 , imaging^ and metrology^ an ultimate goal 
is a compact dev ice ca pable of scalable quantum infor- 
mation processing * 10 * 11 *. Meanwhile, photons remain an 
ideal testing ground for fundamental quantum physics 
and quantum information {eg. Ref. 1121) . In this study 
we bring together two highly promising enabling tech- 
nologies for photonic quantum information science and 
technology (QIST): quantum waveguide circuits and su- 
perconducting single-photon detectors (SSPDs) based on 
niobium nitride nanowires. 

Advances in optical waveguide technology^ can be ap- 
plied to experiments on the single photon level; Quantum 
waveguide circuits offer a scalable route to realizing pho- 
tonic QIST on a chip^l (or in glass^) : a single silica-on- 
silicon waveguide chip can replace conventional bulk or 
fiber optical components. In our devices the waveguide 
consists of a 16 /jm layer of thermally grown undoped 
silica on a silicon wafer as the lower cladding, a 3.5 /xm 
x 3.5 /im lithographically patterned structure of germa- 
nium and boron oxide doped silica as the core and a 16 
fim phosphorous and boron doped silica layer grown atop 
the pattern forming the upper cladding. These waveg- 
uide circuits support a single transverse optical mode 
at the design wavelength, allow evanescent coupling be- 
tween adjacent waveguides and precise control of single 
photon states and multiphoton entanglement within a 
waveguide chip. Several demonstrations have recently 
been carried out demonstr ating th e versatility and power 
of this technology in QIST * 14 ' 16 ' 17 1 . 

The demands of QIST applications have spurred the 



development of improved photon-counting technologies^. 
Superconducting single-photon detectors (SSPDsJ^D of- 
fer sensitivity from visible to mid infrared with low dark 
counts and excellent timing resolution. These detectors 
have begun to have a significant imp act on QIST ap- 
plications such as QKD in optical fibe r 19 * 20 -*. The basic 
SSPD device operating principle is as follows 18 : A 100 
nm width wire is defined in a 4 nm thick niobium ni- 
tride film. The wire is cooled below the superconduct- 
ing transition temperature and biased close to its critical 
current. When a photon strikes the wire, the current dis- 
tribution is perturbed, triggering a short voltage pulse. 
Our SSPD devicesP consist of a 100 nm width meander 
wire defined in a 4 nm thick niobium nitride film. The 
devices have a 20 /xm x 20 /im active area for efficient 
coupling to single mode telecom fiber. The fiber-coupled 
SSPDs arc mounted in a closed-cycle refrigerator at an 
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FIG. 1: Superconducting single-photon detector (SSPD) system 
detection efficiency versus ungated dark count rate measured with 
calibrated attenuated laser diodes at wavelengths of 830 nm, 1310 
nm and 1550 nm. The detector operating temperature is 3 K. 
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FIG. 2: Experimental setup for the two-photon interference exper- 
iment. Photon pairs at A = 804 nm are generated by spontaneous 
parametric down-conversion of 402 nm CW light in a Type-I non- 
linear B1B3O6 (BiBO) crystal. Photon pairs collected and coupled 
to the 50:50 coupler waveguide through a polarisation maintaining 
fiber. The outputs of the waveguide circuit are routed to a pair of 
single-photon detectors (SSPDs or Si SPADs) via single mode opti- 
cal fiber. Coincidences between the detector channels are recorded 
using a time-correlated single-photon counting card. 



operating temperature of ~3 K (Ref. 22;. Our current 
detector system contains four SSPD channels. Figure [l] 
displays the practical system detection efficiency of one 
of the devices used in this experiment. Initial character- 
ization was carried out using calibrated attenuated laser 
diodes at A = 830, 1310 and 1550 nm. The full-width at 
half maximum (FWHM) timing jitter of the detector is 
60 ps. Although our SSPDs operate at low temperatures, 
we use a closed cycle cryo-cooler which does not require 
liquid cryogens. We note that SSPDs are more robust to 
damage from bright light than Si single-photon avalanche 
diodes (SPADs). 

We tested compatibility between SSPDs and quan- 
tum wave gui de circuits via a two-photon interference 
experiment!^ (Fig. [5]). The two-photon interference was 
performed using a 50:50 directional coupler waveguide 
circuit and detected using SSPDs. Pairs of photons at 
A = 804 nm were generated by spontaneous paramet- 
ric downconversion of a continuous wave (CW) 402 nm 
laser diode 'pump' beam in a type I phase matched bis- 
muth borate (BiBsOe) (BiBO) nonlinear crystal crystal. 
The photon pair collection rate was measured as ^5000 
s _1 when collected into polarization maintaining fibres 
(PMFs) and coupled directly to twin Si SPADs. Wave- 
length degenerate pairs of 804 nm photons were selected 
using a 2 nm bandpass filter in each path and coupled into 
PMFs, which were butt-coupled to the 50:50 directional 
coupler waveguide chip, with index matching fluid in- 
serted at the fiber-waveguide interface. The output pho- 
tons from the directional couplers were similarly coupled 
into single mode fibres (SMFs) and were detected using 
two channels of SSPD detector system. Overall coupling 
efficiencies of 70% were acheived through the waveguide 
(input + output insertion loss = 30%). Simultaneous 
detection of a single photon at each output of the cou- 
pler was recorded using a time-correlated single-photon 
counting module with 4 ps timing resolution. 

Ideally, when two degenerate photons are simultane- 
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FIG. 3: Two-photon interference in a quantum waveguide circuit 
at A = 804 nm. HOM dip obtained using (a) SSPDs and (b) Si 
SPADs. The acquisition time per data point was 60 s for the SSPDs 
and 40 s for the Si SPADs. Poissionian error bars of y/N are shown, 
where N is the number of coincidences. 



ously sent into the two input waveguides a and b of a 
50:50 directional coupler (Fig. |2|, quantum interference 
results in a path entangled state of the two photons in 
the two output waveguides: 



|l> |l>6-> 



|2) c |0) d + |0) c |2) d 
V2 



(1) 



and no simultaneous photon detection events take 
place due to the absence of a |1) term in this 

superposition^. In our setup, the relative arrival time of 
the photons at the directional coupler was varied by con- 
trolling the free space path difference using a micrometer 
actuator (Fig. 2|. As this path delay is varied a 'HOM' 
dip is observed at zero delay. 

The two-photon interference experiment at A = 804 
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shown in Figure [II and Si SPAD (manufacturer specifications^!) 
detectors at A = 804 nm. 
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nm was performed using both SSPDs and conventional 
SPADs. In our experimental setup the source bright- 
ness and optical alignment remained stable over a period 
~1 hour, limiting the maximum duration of our experi- 
ments. The results are shown in Fig. [3] The acquisition 
time for each data point was 60 s in the SSPD experiment 
(Fig. [3^,) and 40 s in the Si SPAD experiment (Fig.JsJa). 
In both cases a high visibility HOM dijPH was achieved. 
However, there are noticeable differences, owing to the 
differing properties of the two detector types. The char- 
acteristics of the two detector types are given in Table I, 
in terms of practical detection efficiency ry, ungated dark 
count rate D and FWHM timing jitter At. The accu- 
mulation rate of coincidences (off the HOM dip) was 14 
s- 1 for the SSPD and 275 s" 1 for the Si SPAD (a ra- 
tio of 20:1). This corresponds well to the square of the 
detection efficiency rj 2 in each case (Table I). It is also 
important to consider the signal-to-noise of the two de- 
tector types. In a time-correlated single-photon counting 
experiment, the effect of the dark count rate can be miti- 
gated by gating or time binning. The minimum effective 
binning interval is set by the detec tor j itter At. A figure 
of merit combining these propertie d 5 * 24 * and reflecting the 
signal-to- noise is given by rj/DAt. Here, owing to the low 
dark counts and excellent timing jitter, the SSPD outper- 
forms the Si SPAD by >10. We are able to exploit this 
advantage fully in our experimental setup, as the resolu- 
tion of our timing electronics (4 ps) is well below At for 
either detector type. 

This difference in signal-to-noise has a strong influ- 
ence on the two-photon interference observed (Fig.[3j and 
quantified by the visibility^ V = {N max - N min )/N max . 
Typically V is calculated after subtracting the rate of 
'accidental coincidences'. Accidental coincidences occur 
either due to detectors being triggered from photons in 
different pairs arriving within the coincidence time win- 
dow, or by dark counts in one or other detector providing 
a spurious trigger. The SSPD allows both contributions 
to be minimized due to the low timing jitter and low dark 
count rate. The measured accidental coincidence rates 
were as -0.01 Hz for SSPDs and -5 Hz for Si SPADs. 
Therefore background subtraction was unnecessary in the 
SSPD case. The raw V of the HOM dip obtained using 
SSPDs was 92.3 ± 1.0%, whereas that of the Si SPADs 
was 89.9 ±0.3%. The uncertainties were calculated using 
the methods elaborated in Ref [26l The larger uncer- 
tainty in the SSPD data is due to the slower coincidence 
accumulation rate during the overall measurement time. 
The higher visibility obtained using the SSPDs is due 
to the better signal-to-noise (reflected by the value of 
the figure of merit, rj/DAt). Following normal practice, 
the Si SPAD result can be corrected via accidental sub- 
traction. In this case the corrected visibility for the Si 
SPAD is 92.6 ± 0.4%, the same as the 'raw' SSPD result 
(non-unity visibility is attributed to the spectral distin- 
guishability of the photons, however, it is the comparison 
between detector types that is important here). 

Next we used SSPDs to operate two important quan- 
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FIG. 4: Quantum waveguide circuits characterized with SSPDs at 
A = 804 nm. (a) measured truth table for CNOT gate, (b) voltage- 
tuned two-photon interference in a waveguide Mach-Zehnder inter- 
ferometer. 

turn waveguide circuits at A — 804 nm: a controllcd- 
NOT (CNOT) quantum logic gate comprised of 0.5 and 
0.33 couplers^ and a Mach-Zehnder interferometer with 
a voltage-controlled phase shifP^. The CNOT gate was 
characterised by inputting the four computational ba- 
sis states (| 00) , |01) , 1 10) , |11)) and measuring the corre- 
sponding output probabilities (Fig. |4ja)); a logical basis 
fidelity F = 90.4% was observed. The quantum oper- 
ation of the Mach-Zehnder circuit was characterised by 
inputting a single photon in both inputs to generate the 
state of Eq. [T] inside the interferometer. This state ex- 
hibits an interference fringe as a function of the voltage- 
controlled phase that has half the period of the classical 
fringe (Fig.gb)); a contrast of 81.8±2.4% was observed. 
The contrast and fidelity achieved show that SSPDs can 
be used to characterize advanced quantum waveguide cir- 
cuits. The contrast and fidelity is somewhat lower than 
that reported in Ref. 1141161 using Si SPADs; this is be- 
cause the SSPD results are limited by the acquisition 
time (determined by the stability of our current optical 
setup) . 

We have demonstrated compatibility between quan- 
tum waveguide circuits and superconducting single- 
photon detectors at A = 804 nm. SSPDs offer improved 
signal-to-noise over Si SPAD detectors and hence give 
improved visibility in a HOM experiment via a 50:50 
waveguide coupler. The main reason for operating these 
waveguides at A = 804 nm, until this point, was simply 
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due to lack of single-photon detectors with free running 
operation and low dark counts at telecom wavelengths. 
SSPDs present a solution to this problem^. The perfor- 
mance of the current detectors at A = 1550 nm (Fig. [I]) 
are comparable to that of fiber-coupled devices deployed 
in other experimental. Next generation SSPDs with 
improved teleco m wa velength efficiency are also an im- 
minent prospect! 29 * 30 !. The next step is to implement 
quantum waveguide circuits at 1550 nm using SSPDs. 
A switch to A = 1550 nm will allow the full range of 



telecom waveguide technologies to be exploited in QIST 
experiments^. 
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